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Small amounts (7~-250 pmol) of myoglobin, /?-lacto- 
globulin^ and other proteins and peptides can be spotted 
or electroblotted onto polyvinylidene difluoride 
(PVDF) membranest stained with Coomassie Blue, and 
sequenced directly. The membranes are not chemically 
activated or pretreated with Polybrene before usage. 
The average repetitive yields and initial coupling of 
proteins spotted or blotted into PVDF membranes 
ranged between 84-98% and 30-108% respectively, 
and were comparable with the yields measured for 
proteins spotted onto Folybrene^coated glass fiber 
discs. The results suggest that PVDF membranes are 
superior supports for sequence analysis of picomole 
quantities of proteins purified by gel electrophoresis. 



Developments in protein sequencing (reviewed in Ref. 1) 
such as the incorporation of gas-phase methods (2), absorp- 
tion of proteins onto Polybrene-coated supports (2^ 3) or 
covalent attachment of proteins to derivatized glass (4)» and 
on-line microbore HPLC^ identification (1) of the PTH- 
derivatives have combined to permit routine sequence analysis 
from picomole quantities of protein. Although proteins can 
be isolated by electroelution from polyacrylamide gels or by 
HPLC, the yields are often extremely low, and the techniques 
involved are laborious. One improvement has been to elec- 
troblot proteins purified by gel electrophoresis directly onto 
glass fiber sheets {5, 6). While this approach simplifies sample 
handling, it is limited in its usefulness because the proteins 
are difficult to detect, the glass fiber filters must be deriva- 
tized, and the reagents specially purified. In addition, a recent 
study (7) has found that both the repetitive jdeld and initial 
yield for coupling from proteins electroblotted onto glass fiber 
sheets decrease with decreasing amounts of protein. As a 
result, small quantities of protein (<100 pmol) have still 
proved difficult to sequence. 

Polyvinylidene difluoride (PVDF) membranes are mechan- 
ically strong solid phase supports that bind proteins hydro- 
phobically and have been used in immunoblotting applica- 
tions as a substitute for nitrocellulose filters (8). Because 
these membranes are inert to most solvents (acetonitrile, 
trifluoroacetic acid, ethyl acetate, trimethylamine, and hex- 
ane), they can be used in automated gas-phase sequenators. 



* This work was supported by National Institutes of Health Grant 
AM35306, the Whitaker Foundation, and the PEW Scholars Pro- 
gram. The costs of publication of this article were defrayed in part 
by the payment of page charges- This article must therefore be hereby 

marked "'advertisement^* in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

^ The abbreviations used are HPLC, high performance liquid chro- 
matography; PVDF, polyvinylidene difluoride; PTH, phenylthiohy- 
dantoin; SDS, sodium dodecyl sulfate. 



Here, I report that 7-250 pmoi of protein can be spotted or 
electroblotted onto PVDF membranes, detected by staining 
with Coomassie Blue, and then sequenced directly. The initial 
coupling and repetitive yields are much higher than those 
reported for proteins electroblotted onto glass fiber filters. 
Since there is no need for preconditioning steps, elaborate 
derivatization of the membranes, or special purification of 
reagents, PVDF membranes are an ideal solid-phase support 
for sequence analysis, especially when used with electroblot- 
ting methods, 

EXPERIMENTAL PROCEDURES 

Materials and Reagents — PVDF membranes (Immobilon Trans- 
fer), 0.45-/im pore size, were obtained from Millipore. Reagents used 
in this study were reagent grade or electrophoresis grade and were 
not repurified. Sequencing-grade reagents, glass fiber discs, Poly- 
brene, sperm whale myoglobin, and bovine /3-lactoglobulin were pur- 
chased from Applied Biosystems. Villin was purified from chicken 
intestine epithelial cells and cleaved with trypsin as described previ- 
ously (9). 

SDS-Polyacrylamide Gel Electrophoresis — Samples (10-250 pmol) 
were loaded onto minigela containing a 7.5-20% gradient of polya- 
crylamide and electrophoreaed according to Laemmli (10) at 20 watts 
constant power (20 min). The minigeis (10 X 10 cm, 0.5 mm thick) 
were modified from the original description of Matsudaira and Bur- 
gess (11). After electrophoresis, the gels were soaked in transfer buffer 
(10 mM 3-[cyclohexylamino]-l-propanesulfonic acid, 10% methanol, 
pH 11.0) for 5 min to reduce the amount of Tris and glycine. During 
this time a PVDF membrane was rinsed with 100% methanol and 
stored in transfer buffer. The gel, sandwiched between a sheet of 
PVDF membrane and several sheets of blotting paper, was assembled 
into a blotting apparatus (Mighty Small, Hoeffer) and electroeluted 
for 10-30 min at 0.5 A in transfer buffer (12, 13). The PVDF 
membrane was washed in deionized H2O for 5 min, stained with 0.1% 
Coomassie Blue R-250 in 50% methanol for 5 min, and then destained 
in 50% methanol, 10% acetic acid for 6-10 min at room temperature. 
The membrane was finally rinsed in deionized H2O for 5-10 min, air 
dried, and stored at —20 "C 

Sequence Analysis — PVDF membranes were not precycled. Differ- 
ent amounts of protein (10-250 pmol) were spotted either on precy- 
cled Polybrene-coated tnfluoroacetic acid-activated glass fiber filters 
or on small rectangles (2X4 mm) of PVDF membrane that were 
initially wetted with 100% acetonitrile. The membranes or filters 
were then air dried. Glass fiber filters were placed in the sequencing 
cartridge according to the manufacturer's instructions. Protein elec- 
troblotted onto PVDF membranes was stained with Coomassie Blue 
and the band was cut out with a clean razor. The membrane was 
centered on the Teflon seal and placed in the cartridge block of the 
sequenator. Proteins were sequenced on an Applied Biosystems model 
470 sequenator equipped with on-line PTH analysis using the regular 
program 03RPTH. The PTH-derivatives were separated by reverse- 
phase HPLC over a Browntee C-18 column (220 X 2.1 mm). The 
initial yield for the coupling step was calculated from the amount of 
PTH-derivatives present in the first cycle (corrected for 100% injec- 
tion) and by the amount of protein spotted or electroblotted onto the 
membrane. The repetitive yield from myoglobin was determined from 
the peak heights of valine, leucine, and glutamic acid at positions 1, 
2, 4, 11, 13, and 18. The repetitive yield from /3-iactogiobulin was 



10035 



EXHIBIT L 



loose 



Pmt^in Mkmmquenet from PVDFMen^ranm 



caicnUted for leucine* isoieucine* and valine at residues !, 2, 3^ 10, 
12. and Uk The repetitive yie!<k for ^thrnr proteins mid peptides wsm 
ealcnUxml whm posubU from tlm recovexies of valm^^ als»»zi&» m 
leycme re^idu^. 

EES0LTS AN0 BiSCUSSION 

stained with CoQmasm% Blue^ Amido Black, India Ink^ or 
silver C8). As shown m Fig, 1* a 2;5-pi»ol digest of viilm (2,4 
is easily detected by Coomassie Blue. The tm<> :major 
pols^eplides, Mr 44,^)0 and 51^000, represent the MHg- and 
<"0(>H 'terminal fragmeBts of vilHn (9'K Densitometry of Coo- 
massie Blue-stained gels show bf>th fragments are present in 
6-pmoi amo\jntK, Thesa fragiiients wert? ciiJ from the FVDF 
membrane am! tsubjecTed to 11 cycles of set^uence analysis in 
a |?as-phase i^equenator. From the recovery of the PTH- 
derivatives in the first cycle, initial yields for coupling were 
25-68%. Since complete transfer of the polypeptides to PVDF 
membranes was- assumed* these v^iloes represent minimum 
<?stimate of the* initial yklds. The repetitive yields were 
B4%r The seiquences agreed with those previotisly reported for 
the fragments. 

Because prelimiiaary experiments denaonstrated that poiy- 
peptides electroblotted otito FV^DF memL>ranes can be readily 
sequenced, quantitative measurements of efficiency from 
these supports were made. Myoglobin and ii-iactoglobuiin 
were eleetroblottad oiita FVDF membraaes,Jirid ttos z&cmBty 
af PTH*dierivatives was qiuaatlEed. Fig* 2 gh<ms the chromat- 
■OgraiBS-.-of the. !FTH-^erivativeS: releiBHsed. from. :20 pinol .of 
.tectogktotiiiii for- the-: tmt- 15 cycles after electrobioi^ing to-- 
FVDF iDembranes. As reported before <o^ 0), CcH3!ma3sie Bl^e 
does not interfere with the jsjeqts^ncinf reactions tibr produce 
artifact peaks on the HPLC traces. In the Erst 2 cycles, a 
variable amount of PTH-Gly was detected, but thin amount 
in umedlx <5 pmol and reaches base-lln^ levels nfter 2 rycles. 
Very little PTH-Gly is detected if the mpmbraneB are wacihed 
for 5-- 10 min in H-^O after transfer. The chromatograms 
display no DPU peak coeloting with PTH-Tr^j and the back- 
ground levels of other FTH -derivatives remain low. Except 
for PTH~Trpv the recovery of FTH -derivative"^ wa.^ compa- 
rable to the ^^raounl CHitalned wheJi Polybrene-coated glass 
fiber niters were used. Control experiments (not ^ihuwn) in- 
dicate that FVDF membranes do not bind PTH -derivatives. 
When 100 pmol of PTH ista^dards were applied directly to 
the n^mbraa^ aitd tli^ utembmm washed^ otdy 1-% pm>l of 



Mtreviution, trom 20 pxnot of ^^lactem^lobiiiiii electjroblotted 
<j»to FVOF iiieis^rait€« and »taiii^ with Cooma^e Blue. The 
hand was exci.««d fmm the membrane and se<|uf^nced dir^h^^. The 
abBcissa shows ODv^cf* the ordinate eloti*">n time. The peak heigtit of 
lencine in cycle 1 rorresponck to 6.7 pmol of injected material. Only 
40% of the total PTH-derivativ^ is analyE^ed at every cycte. Pmk & 
m A^^V-diB^hyl''^'*pheiiyltbiour«s; pmk b m N^'iV^di^henylthii* 
oiirea. 

TAEI.E I 

Comjxirison of the Imtiai ytdd for iijupiing and repiHitwa yields fnr 
i-actoghbulin and myaghbin [mm fiber mid I^VDF membmnes 
initial and repetitive yi^ldf^ are calculated ah described ynder 
"^Experimental Proc^^res.'* The amount of protein listed in column 
l.:-r<e5presei4ts either the:- amount: spotted imto^the support or 
ealctdated asnJHint <m fche mmtht&xn^ after blottinf Icorrec^ed for 
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Polybrene-c<iated ^'lass fib-t-r 
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Spotted onto PVDF, un^uHot?<I 
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88.0. 
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Spc^ted onto FVDF» tmstained 
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mt> 


66 


Bloti^ onto FVDF, unstained 


64 
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Blotted onto PVDF, stain&d 


30 


B8,S 
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Blotted onto PVDF, stained 


im 
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44 m ym^KmrmL t25,Bm 



Fm. h A try pile digest of villin {2.4 #4g of total protein) 
electrohloited to PVDF membra^ieaand stained with Cmmm^ 
Blm. Dfsaudtonimtry of dige^ sh<ym that tibe intact mMn Imnd 
contains 123 ptml of ptot^in^ while the Mt 44,CM^ and 5X^000 Imnds 

each contain 5 prnol of mateiial. The bands were cut out and placed 
in the gas -phase Ret:|vienator, Their NH^- terminal sequenoss are dia- 
played in / -htter code. The initial yield for coopling and the ^repetitive 
yield art s^hown in parentheses. The repetiti^-e yields were ciafculatiNi 
from thf i^coveri^ of FTH-Val^ PTH* Ala, and FTH-jb#Ui 



PTH -derivatives were detected. Very Uttie FFH-Trp could be 
recovered from protein electroblotted onto the membranes. 
In contrast, PTH-Trp was detected In samples spotted oBto 
the membrane. These fact-s indicate that tryptophan is de- 
stroyed either during electrophoresis or electroblotting« 

The amount of material that yielded sequ^nci^ was calcu- 
lated from the itiitial yield for coupling, and the effupkucy of 
the: Beia[ue;»cing.:rea€ti0R wm mem^imd h^-tim-. iripeti^yi^e- yi^M* 
Both valuer provide quantitalive atandaxds l^r i^i^nc^e anal^ 
y^m from glass ^ber discs and FVDF m^mbfaneB* Table I 
B-hows that the average imtiai yield for prott^ipH .spot te<J onto 
FVDF membranes is 97% and fur proteins electroblotted onto 
FVDF membranes is IS^t . The latter value h more variable 
because of difficulties in accurately estimating the amount of 
protein present on the membrane. More Important, the initial 
yields remain high men wh^n the smallest amouiit of protein: 
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Table II 

Proteins and peptides sequenced from PVDF membranes 
Proteins and peptides submitted to the Whitehead Protein Se- 
quencing Facility were blotted or spotted on PVDF membranes- The 
sequenceable amo"unt of material was determined from the recovery 
or the PTH-derivatives from the first cycle. The repetitive yield was 
calculated from the recovery of PTH-\eucine, valine, or alanine. In 

so me cases the repetitive yield was not determined <ND). 

Sequenceable amount 



No. of 
cycle! 



pmol 



Repetitive 
yield 



Proteins blotted to PVDF 






% 


Villin (95 kDa) 


11 


8 


87 


Intestine 72 -kDa protein 


39 


9 


92 


Intestine 105-kDa protein 


6 


3 


96 


Anion channel (105 kDa) 


9 


3 


96 


Anion channel 68-kDa fragment 


10 


15 


ND 


Anion channel 10-kDa fragment 


16 


17 


94 


vium pepLiQes Diovteu onvo rvur 








membranes 








44T (44 kDa) 


12 


2 


92 


44T-28C (28 kDa) 


5 


16 


ND 


61T (51 kDa) 


11 


2 


90 


61T-40C (40 kDa) 


5 


3 


ND 


51T-29C (29 kDa) 


12 


30 


84 


51T-28T (28 kDa) 


5 


8 


ND 


51 F-loO (lo KiJa) 






i\JL/ 


51T-8C (8 kDa) 


5 


16 


ND 


Proteins spotted onto PVDF mem- 








branes 








mutS (95 kDa) 


5 


60 


ND 


Tbioredoxin (12 kDa) 


10 


9 


ND 


Homoserine kinase peptide (32 kDa) 


10 


30 


ND 


Methanogen hydrogenase 


10 


1000 


98 


(subunit a) 








Methanogen hydrogenase 


18 


300 


ND 


(subunit b) 








Methanogen hydrogenase 


10 


15 


ND 


(subunit c) 








Villin peptides spotted onto PVDF 








membranes" 








13V15 CNBr 


8 


20 


ND 


13V18 CNBr 


3 


25 


ND 


13V19 CNBr 


3 


25 


ND 


13V8 CNBr 


7 


60 


ND 


13V 10 CNBr 


6 


63 


ND 


Synthetic peptides spotted onto PVDF 








membranes'* 








CDTAGQEDYDRLR 


5 


ND 


ND 


RPDFSLEPPYTGPCK 


12 


ND 


ND 


PREDVDY 


7 


ND 


ND 



" Peptides from reverse-phase HPLC were generated by cyanogen 
bromide cleavage otMr 13,000 peptide from villin. 

^ The sequences of the number of cycles during which the recovery 
of PTH-derivatives is at least 20% of the amount recovered in the 
first cycle are shown. In all cases, peptides which could not be 
completely sequenced were reanalyzed after absorption onto Poly- 
brene-coated glass fiber discs or Polybrene-coated PVDF membranes. 

is sequenced. The values compare extrenaely favorably with 
the 15-25% initial yields (6-7) measured for proteins elec- 
troblotted onto glass fiber filters. Since the binding capacity 
of PVDF membranes (170 fig/cm^) <8) is greater than that of 
Polybrene-coated glass fiber sheets (15-28 fig/cm^) (5) or 
derivatized glass fiber sheets (7-25 fig/cm^) (6> 7), the high 
initial yields measured here were expected. 

The high initial yields also suggest that NHg-terminal mod- 
ification during electrophoresis was not a major problem as 
no precautions were taken to remove contaminating chemi- 
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Fig. 3- The recovery of PTH-derivatives is plotted from the 
analysis of peptide 8c w^hich was spotted onto a PVDF mem- 
brane {stippled bar) , PVOF membrane coated with Polybrene 
{solid bar), and glass fiber discs coated with Polybrene {clear 
bar)* Cysteine was not modified, and thus its recovery was not 
laeasureable. The amount of PTH-Ser was calculated from the recov- 
eries of PTH-Ser and PTH-dehydro alanine. 

cals. The gels v^rere prepared in batch and stored for several 
days (1-7) before use, and samples were solubilized before 
electrophoresis by boiling in SDS sample buffer. Scavengers 
like thioglycolate were not included in the electrophoresis. 

The repetitive yields from proteins absorbed to glass fiber 
filters and PVDF membranes were similar, although the re- 
petitive yield from PVDF membranes was 1-2% lower. The 
slightly reduced repetitive yield could result from a combina- 
tion of incomplete cleavage, incomplete coupling^ or peptide 
washout. The first two possibilities might be explained if the 
membrane interferes with the sequencing chemistry. How- 
ever, the latter possibility is also likely since the hydrophobic 
binding of proteins and peptides to the membranes will be 
affected by the duration of the organic solvent washes in the 
Edman cycle. Because PVDF membranes have a QAb-fim pore 
size and are thinner than a glass fihet disc, it is possible that 
the solvent wash steps in the sequencing programs are much 
longer than necessary for sequencing proteins absorbed to 
PVDF membranes. If true, then decreasing the duration of 
the solvent washes should improve the repetitive yields and 
shorten the cycle times. 

The repetitive yields from myoglobin (90.5%) and /?-lacto- 
globuhn (94.5%) in the control experiments are lower than 
normal (usually 94 and 96%, respectively) and indicate that 
the sequenator was not operating at maximum efficiency. In 
addition to the test proteins reported here, these membranes 
have been used successfully to sequence 10- to 1000-pmol 
amounts of various proteins and peptides submitted to the 
Whitehead Facility. Table II shows that NH2 -terminal se- 
quences can be obtained from other proteins (cytoplasmic and 
membrane) and polypeptides with a range of molecular 
weights. The repetitive yields ranged between 84-98%. In 
most cases repetitive yields were not calculated because the 
sequence lacked a repeated residue or the repetitive yield 
would be inaccurate due to poor recovery of some PTH- 
derivatives. The initial yields could not be measured since the 
band that was sequenced was from proteolytic digests com- 
posed of a mixture of peptides. 

Short synthetic peptides were sequenced to examine 
whether peptide washout affects the recovery of PTH -deriv- 
atives. The results showed that complete analysis of short 
peptides can be problematic and depends on the hydrophobic - 
ity of the peptide. The recovery of PTH-derivatives from 
synthetic peptide 8c decreased by 80% after the Tyr-Phe-Tjrr 
portion of the sequence when compared with the recovery 
from the same peptide spotted onto Polybrene-coated glass 
fiber discs or Polybrene-coated PVDF membranes (Fig. 3). 
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Other short peptides could be completely sequenced but the 
recovery of PTH-derivatives was variable and in poor yields. 
A common feature of the analysis of peptides was a large lag 
or carry over of each residue into the subsequent cycle. More 
reliable results were obtained by spotting the peptides on 
Polybrene-coated PVDF membranes or Poiyforene-coated 
glass fiber discs. As a general rule, peptides that are too short 
to fractionate by polyacrylamide gel electrophoresis should be 
sequenced from Polybrene-coated supports. Proteins can be 
blotted in the presence of SDS and sequenced. Removal of 
SDS before analysis is advisable to prevent blockage of the 
delivery lines in the sequenator. The level of SDS is reduced 
by rinsing the membrane with H2O. 

This paper demonstrates that proteins can be efficiently 
sequenced after electroblotting and staining on PVDF mem- 
branes. There are several practical consequences that result 
from sequencing on these membranes. First, sample handling 
is simplified because the proteins can be stained after elec- 
troblotting. This eliminates the need to radiolabel or chemi- 
cally modify the protein prior to electrophoresis. Second, the 
3-h precycling step employed for conditioning Polybrene- 
coated glass fiber filters is eliminated, and thus the deadtime 
of the sequencing machine is reduced. Third, since Coomassie 
Blue can detect nanogram amounts of material and the re- 
petitive yields and initial yield for coupling are not dependent 
on protein quantity, it should be possible to sequence femto- 
mole amounts of proteins efficiently. However, improved sen- 



sitivity in detecting the cleaved residues will be needed to 
sequence these amounts of protein. 
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